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,Q WKH SUHVHQW ZRUN ZH LQYHVWLJDWH WKH HIIHFWV RI IORZ UDWHV RQ WKH GLPHQVLRQV RI K\GURJHO ILEHUV 7KH YROXPH RI IOXLG PRGHO E\ WKH








7LVVXH HQJLQHHULQJKDVEHHQ D SURPLVLQJ ILHOGRI UHVHDUFK
IRU VHYHUDO GHFDGHV 7KH DSSHDUDQFH RI ' SULQWLQJ RIIHUV
PDQ\VROXWLRQVLQWKHILHOGVRIPDQXIDFWXULQJHQJLQHHULQJDQG
PHGLFLQH3ULQWELRFRPSDWLEOHPDWHULDOV FHOOVDQGVXSSRUWLQJ
FRPSRQHQWV LQWR FRPSOH[ ' IXQFWLRQDO OLYLQJ WLVVXHV KDV
EHFDPH DQ HIIHFWLYH ZD\ WR EXLOG ' FHOOODGHQ VFDIIROGV
0RUHRYHU RQH RI WKHPDLQ FKDOOHQJHV LQ WKH ' ELRSULQWLQJ
KDV EHHQ WR ILQGPDWHULDOV WKDW DUH QRW RQO\ FRPSDWLEOH ZLWK
FHOOV DQG WKH WLVVXH LQ KRVW EXW FDQ DOVR SURYLGH WKH GHVLUHG
PHFKDQLFDODQGIXQFWLRQDOSURSHUWLHV>@)LQDOO\PDWHULDOV
FDQ EH SULQWHG DV WLVVXH VXEVWLWXWHV IRU VNLQ >@ ERQH
UHJHQHUDWLRQ>@DQGVRRQ
0LFURH[WUXVLRQ >@ LQNMHW >@ ODVHU DVVLVWHG SULQWLQJ >@
DQGPLFURIOXLGLF FKLS >@ DUH WKHPDLQ WHFKQRORJLHV XVHG IRU
SULQWLQJ ELRORJLFDOPDWHULDOV0XFK UHFHQW UHVHDUFK KDV EHHQ
DLPHGDWXVLQJELRPDWHULDOVFRPELQHGZLWKPLFURILEULFDWLRQWR
UHDOL]H WKH ' ELRFRPSDWLEOH VWUXFWXUHV +\GURJHO ILEHUV
H[WUXGHGIURPPLFURIOXLGLFFKLSRUFRD[LDOQR]]OHZDVXVHGWR
EXLOG WKH ' FHOOODGHQ K\GURJHO VWUXFWXUHV %XW PDQ\
K\GURJHOEDVHGVFDIIROGVODFNFHOOVL]HGSRUHVDQGK\GURSKLOLD
6XFK PLFURSRUHV DUH KLJKO\ GHVLUDEOH VLQFH WKH\ VXSSO\ WKH
FHOOV ZLWK R[\JHQ DQG QXWULHQWV DQG UHPRYH ZDVWH SURGXFWV
'XHWRWKHK\GURSKREHLQWKHVXUIDFHRIWKHELRPDWHULDOVFHOOV




RIIHUVDPHWKRG WR IDEULFDWH'FHOOODGHQVWUXFWXUHV -XQJHW
DO >@ XVHG JODVV FDSLOODULHV WR DVVHPEOH PLFURIOXLGFLV WR
JHQHUDWHFHOOODGHQPLFURJHO7KHFHOOVLQWKHLQQHUSKDVHFDQ
HIIHFWLYHO\ DWWDFK WR WKH RXWHU K\GURJHO 2K HW DO >@
HPSOR\HG D PLFURIOXLGLF FRD[LDO IORZ±IRFXVLQJ V\VWHP WR
JHQHUDWHFHOODGKHVLYHFKLWRVDQPLFURWXEHVRIFRQWUROOHGVL]HV




DOJLQDWH ZDV XVHG WR EXLOG KLJK VWUHQJWK FHOOODGHQ K\GURJHO
' VWUXFWXUHV 0RUHRYHU 2QRH HW DO >@ IDEULFDWHG PHWHU
ORQJ FRUHVKHOO &DDOJLQDWH PLFURILEHUV HQFDSVXODWLQJ
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H[WUDFHOOXODUPHWULFHV(&0VSURWHLQVDQGGLIIHUHQWLDWHGFHOOV
E\XVLQJDGRXEOHFRD[LDOPLFURIOXLGLFGHYLFH0RUHDQGPRUH
UHVHDUFK IRFXV RQ WKH LQVLGHRXW FURVVOLQNLQJ WR REWDLQ
K\GURJHO ILEHUV %XW WKH UHVHDUFK RI RXWVLGHLQ FURVVOLQNLQJ
SURFHVVLVVWLOOODFNVLQFHWKHRXWVLGHLQFURVVOLQNLQJLVDOVRDQ
LPSRUWDQW DVSHFW WR FRPSUHKHQG WKH PHFKDQLVP RI K\GURJHO
FURVVOLQNLQJ
,Q WKH FXUUHQW ZRUN D FRD[LDO QR]]OH FRPELQHG ZLWK
RXWVLGHLQ FURVVOLQNLQJ SURFHVV ZDV XVHG WR LQYHVWLJDWH WKH
IHDVLELOLW\RIIDEULFDWLQJK\GURJHOILEHUV,QRUGHUWRREWDLQWKH
DSSURSULDWH IORZ UDWHV RI WZRSKDVH XVHG LQ WKLV ZRUN &)'




ILEHUV ZDV LQYHVWLJDWHG 5HVXOWV VKRZ WKDW WKH RXWVLGHLQ
FURVVOLQNLQJSURFHVVLVVLPLODUWRWKHWZRSKDVHIORZWKHRULHV
2. Numerical simulation 
,QRUGHUWRHQVXUHWKHDSSURSULDWHUDQJHRIIORZUDWHVXVHG
LQ IDEULFDWLQJ K\GURJHO ILEHUV$ 'PRGHO GHYHORSHG XVLQJ
&)'VRIWZDUH)/8(170HVKJHQHUDWLRQLVRQHRIWKH
PRVWLPSRUWDQWVWHSVLQWKHSUHSURFHVVVWDJH7KHPHVKLQJRI
WKHPRGHO RI WKH IORZ ILHOG XQGHU WKH GRPDLQ JHRPHWU\ZDV





9ROXPH RI )OXLG 92) ZDV FKRVHQ DV WKH PXOWLSKDVH
PRGHO ([SOLFLW ZDV VHOHFWHG DV WKH 92) 6FKHPH ,Q
)/8(17WKHVWDELOLW\DQGFRQYHUJHQFHRIFRPSXWLQJFDQEH
DGMXVWHG WKURXJK&RXUDQWQXPEHU ,QJHQHUDODV WKH&RXUDQW
QXPEHU FKDQJHV IURP VPDOO WR ODUJH WKH VSHHG RI
FRQYHUJHQFH JUDGXDOO\ DFFHOHUDWHG EXW VWDELOLW\ GHFUHDVHG
$IWHUVHYHUDODWWHPSWVZDVFKRVHQDVWKH&RXUDQWQXPEHU
1RW RQO\ HQVXUH WKH FRQYHUJHQFH EXW DOVR JXDUDQWHH WKH
VWDELOLW\RIFDOFXODWLRQ
$VIRUFRQYHUJHQFHFULWHULRQ WKUHHLPSRUWDQWDVSHFWVQHHG
WR DELGH E\ IRU LWHUDWLYH FRQYHUJHQFH >@ )LUVW DOO WKH
GLVFUHWL]HGHTXDWLRQVPRPHQWXPHQHUJ\HWFDUHGHHPHGWR
EHFRQYHUJHGZKHQ WKH\ UHDFKD VSHFLILHG WROHUDQFHDW HYHU\
QRGDO ORFDWLRQ 6HFRQG WKH QXPHULFDO VROXWLRQ QR ORQJHU
FKDQJHV ZLWK DGGLWLRQDO LWHUDWLRQV 7KLUG RYHUDOO PDVV
PRPHQWXP HQHUJ\ DQG VFDODU EDODQFHV DUH REWDLQHG ,QRXU
FDOFXWLRQV WKH QXPHULFDO FRPSXWDWLRQ LV FRQVLGHUHG







WKH PRPHQWXP HTXDWLRQ WXUEXOHQW NLQHWLF HQHUJ\ DQG
WXUEXOHQW GLVVLSDWLRQ UDWH  7KH YROXPH IUDFWLRQ ZDV









3. Experimental details 
 0DWHULDOV
6RGLXPDOJLQDWH DQG FDOFLXPFKORULGH &D&O SXUFKDVHG




WHPSHUDWXUH WR PDNH ILQDO 1D$OJLQDWH VROXWLRQ ZLWK D






,Q WKLV UHVHDUFK WKHFRD[LDO QR]]OHZDV IDEULFDWHGXVLQJ WZR
IOXLGGLVSHQVLQJWLSVZLWKD<EUDQFKYDOYHDJDXJH
P LQQHU GLDPHWHU ,'  P RXWHU GLDPHWHU 2'
LQQHUQHHGOHDQGDJDXJHP,'P2'
VWDLQOHVVRXWHUQHHGOH$VVKRZQLQ)LJ7KHLQQHUQHHGOHLV
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VKRUWHG WKDQ WKH RXWHU QHHGOH WR HQVXUH WKH FRPSOHWHO\
FURVVOLQN LQVLGH WKHFRD[LDOQR]]OH7KH VRGLXPDOJLQDWHZDV
GLVSHQVHG IURP WKH FRUH VHFWLRQ RI WKH FRD[LDO QR]]OH E\ D
V\ULQJH SXPS ZKLOH WKH FDOFLXP FKORULGH VROXWLRQ ZDV
GLVSHQVHG IURP WKH VKHDWK VHFWLRQ :KHQ WKH WZR VROXWLRQV
FRQWDFWHGHDFKRWKHUK\GURJHOILEHUVIRUPHG
 3DUDPHWHUVHWXS
,Q WKLV UHVHDUFK WKH PDLQ SXUSRVH ZDV WR LQYHVWLJDWH WKH
HIIHFW RI IORZ UDWHV RQ WKH GLPHQVLRQV RI K\GURJHO ILEHUV
7KHUHIRUHGLIIHUHQWIORZUDWHVZHUHFKRVHQLQRXUH[SHULPHQW
%DVH RQ RXU PDQ\ DWWHPSWV FRQFHQWUDWLRQV RI  VRGLXP
DOJLQDWH DQG  FDOFLXP FKORULGHZHUH SUHIHUUHG WR SURGXFH
K\GURJHO ILEHUV XQGHU GLIIHUHQW IORZ UDWHV 7KH IORZ UDWHV RI
DOJLQDWHDQGFURVVOLQNHUZHUH LQYHVWLJDWHG7KXV WZRJURXSV
RIWKHIORZUDWHVFDQEHREWDLQHG,QWKHILUVWJURXSWKHIORZ
UDWH RI FDOFLXP FKORULGHZDV IL[HG WKH IORZ UDWH RI DOJLQDWH















7KHGLPHQVLRQV DQG VWUXFWXUHRI WKH K\GURJHO ILEHUVZHUH
REVHUYHG ZLWK DQ RSWLFDO PLFURVFRSH (9 ($6621
&KLQD 7KH DYHUDJH GLDPHWHUV RI WKH K\GURJHO ILEHUV ZHUH
GHWHUPLQHG E\ PHDVXULQJ WKH GLDPHWHUV DW ILYH GLIIHUHQW
ORFDWLRQV *UDSK3DG 3ULVP  *UDSK3DG 6RIWZDUH ,QF ZDV
XVHG WR SURFHVV WKH GDWD 7KH UHVXOWV ZHUH H[SUHVVHG DV WKH
PHDQVWDQGDUGGHYLDWLRQ6'
4. Results and discussion 
 )DEULFDWLRQ
7KH FURVVOLQNHGK\GURJHO ILEHUV FDQEH H[WUXGHG IURP WKH
FRD[LDO QR]]OH $V VKRZQ LQ )LJ 7KH IORZ UDWHV FDQ EH
FKDQJHG E\ DGMXVWLQJ WKH IHHG UDWHV RI WKH V\ULQJH SXPS
%DVHGRQ WKH VHWXS LQRXU H[SHULPHQWV WZR JURXSVRI ILEHUV
ZHUHREWDLQHG
7KH VWUXFWXUHV DQG GLPHQVLRQV RI WKH ILEHUV ZHUH
GHWHUPLQHG XQGHU DQ RSWLFDO PLFURVFRSH 2QH VDPSOH ZDV










DSSURSULWH IORZ UDWHV UDQJH 7KH GULSSLQJ IORZ SDWWHUQ ZDV
JHQHUDWHZKHQ WKH IORZ UDWH RI FDLFLXPFKORULGHZDV O
PLQ DV VKRZQ LQ )LJD 7KLV IORZ UDWH LV WRR TXLFN IRU
WZRSKDVHV WR FURVVOLQN 7KXV WKH H[WUXGHG DOJLQDWH ZLOO
FURVVOLQNHG TXLFNO\ DW WKH SRUW RI WKH LQQHU QHHGOH $QG WKH
GULSSLQJ ZDV REWDLQHG :KHQ WKH IORZ UDWH RI FDLFLXP
FKORULGHGHFUHDVH WROPLQ WKH FRQWUDFWLYH MHWWLQJ IORZ
SDWWHUQ ZDV JHQHUDWH DV VKRZQ LQ )LJE 7KH LQQHU
K\GURJHO FDQ EH H[WUXGHG FRQWLQXRXVO\ 7KH ORZHU FDOFLXP
FKORULGH IORZ UDWH VORZ GRZQ WKH FURVVOLQNLQJ VSHHG  WKH
LQQHU DOJLQDWH KDV HQRXJK WLPH WR EH H[WUXGHG 7KXV WKH




%DVHG RQ WKHVH DQDO\VHV WKH LGHDO IORZ UDWH RI FDOFLXP
FKORULGHLQRXUUHVHDUFKLVDURXQGOPLQ












DW  OPLQ LQ WKH RWKHU JURXS WKH VRGLXP DOJLQDWH IORZ




REWDLQHG IURPH[SHULPHQW LQFUHDVHG IURP PP
WR    PP DV WKH IORZ UDWH RI DOJLQDWH ZDV
LQFUHDVHGIURPWROPLQZKLOHIL[HGWKHIORZUDWH
RI FDOFLXP FKORULGH DW OPLQ ,Q FRQWUDVW IRU WKH RWKHU





LQFUHDVHG GXH WR WKH LQHUWLDO IRUFHV IURP WKH DOJLQDWH:KHQ






FKORULGH LV LQFUHDVH PRUH DQG PRUH GLYDOHQW LRQV FDQ
FURVVOLQN ZLWK DOJLQDWH 7KXV WKH VKULQNDJH GHJUHH ZLOO
LQFUHDVH ,Q WKH RWKHU KDQG DV D UHVXOW RI FRQWDFW WKH GUDJ
IRUFHEHWZHHQWZRSKDVHVZLOOLQFUHDVHZKLOHWKHIORZUDWHRI
FDOFLXP FKORULGH LV LQFUHDVH7KXV WKH GLDPHWHU RI K\GURJHO
ILEHU GHFUHDVHGZKLOH WKH IORZ UDWH RI FDOFLXP FKORULGH ZDV
LQFUHDVH 2QH FDQ QRWLFHG WKDW ZKHQ WKH IORZ UDWH RI &D&O
ZDV  O PLQ WKH GLDPHWHU RI K\GURJHO ILEHUV ZDV











































7KH FXUUHQWZRUN DLPHG WR LQYHVWLJDWH WKH UHODWLRQVKLS RI
GLPHQVLRQRIK\GURJHO ILEHUVDQG WZRSKDVH IORZUDWHV&)'
VLPXODWLRQV ZHUH SHUIRUPHG XVLQJ 92) PRGHO LQ VRIWZDUH
SDFNDJH)/8(17 WRNQRZ WKH DSSURSULDWH IORZ UDWHV
RI WZRSKDVH XVHG LQ WKLV ZRUN0RUHRYHU D FRD[LDO QR]]OH
ZDVXVHWRIDEULFDWHK\GURJHOILEHUVZLWKGLIIHUHQWGLPHQVLRQ
XQGHU YDULRXV IORZ UDWHV )URP WKH VWXG\ WKH GLDPHWHU RI
K\GURJHOILEHUVZDVIRXQGWREHLQFUHDVHGZLWKDQLQFUHDVHLQ
IORZ UDWH RI WKH DOJLQDWH DQG GHFUHDVHG ZLWK DQ LQFUHDVH LQ
IORZ UDWH RI WKH FDOFLXP FKORULGH 7KH LQHUWLDO IRUFHV IURP
DOJLQDWHZDVWKHGRPLQDQWIDFWRUIRUWKHLQFUHDVHRIK\GURJHO
ILEHUV GLDPHWHU WKH FURVVOLQNLQJ VKULQNDJH DQG GUDJ IRUFHV
IURPFDOFLXPFKORULGHFDXVHGWKHGHFUHDVHRIGLDPHWHU7KHVH
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